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ABSTRACT 

1. INTRODUCTION 

We use a 144’ particle P’M simulation in a 100 Mpc box (Plummer softening of 65 
kpc comoving and particle mass of 2.3 x 10”Mo) to study the evolution of aa n = 1 

ing wavenumber k, 
of radii Bh-’ Mpc, is unity. This is known as the os = 1 aormaliza- 
tioa and larger values of q correspond to dynamically more evolved systems: 

0: = mdJkP(k)W&(kR) ; WTH(kR) = &(sin kR - kRcos kR) ; R = 8h-’ Mpc. 
J 
0 
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2. TWO-POINT CORRELATIONS 

We will demonstrate in 53 that it is necessary to break up massive halos in order 
to have groups in our simulation. Also, in Gelb (1992) we demonstrated that there 
are too many halos with Veirc 2 35Okm~-' sad that these systems are too msssive to 
be associated with single galaxies. For theses reasons, we break up massive halos into 
groups sssuming a universal mass-to-light ratio in a procedure outlined below. 

The total luminosity in a volume V from the Schechter luminosity function is 

OD 

c t.=atd = V 
I 

.L@(L)dL . 

0 

The total number of galaxies in a volume V with a lami.nosity exceeding L is: 

N(> 13, V) = v 
I 
-*(L)dL . 

c 

Combining these equations and de&ring z g 13 
exceeding a lumiaosity L in a cluster with total fi 

L., 
ght 

we get the total number of halos 
&d: 

Gotd c/c. s- Pemf& 
N(> 4Cotd) = yj- . r(2+0) ’ 

where I?(2 + a) = 1,” z l+ae-=& = 1.0456 for u = -1.07. 

We take the bound mass of a massive halo (those with V',. 2 350 km 6-l; see 53) and we 
divide it by a specified universal value of M/L. This gives us the total luminosity emitted 
by the cluster: ,Ct.t.r. We then add N( > L, .C tstd) halos with luminosity exceeding L. 

Figure 1: a 2.1 x 1014Mo halo (left) is split up into a cluster (right). The boxes are 2-D 
projections of a 2 by 2 by 2 Mpc region. Circles indicate haios with Vcirc Z 250 km 6-l 

and squares indicate halos with Vcirc > 200 km s-l. 

When we add in halos we need to choose positions and velocities. We do this by randomly 
sampling positions of particles (velocities are discussed in 5 4). 
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Figure 2: two-point correlations for halos with Veil. >_ 25Okms-‘. NO break-up dot- 
short dashed lines); M/L = 250 (long-dashed lines); 125 (short-dashed lines); 50 dot- 
long-dashed lines . The strai I, ht solid lines are the observed E and the curved solid . es 
are for the mass 1 all particles . 7 

We applied the mass-to-light method and computed the two-point correlation func- 
tion < for halos with V& 2 25Okms-‘, see Figure 2. At 4s = 0.5 the enbanw.med in 
E is nearly sufhcient for M/L: = 50 but the slope is too steep on small scales. The slope 
steepens at larger scales for increasing es. The results at crs = 0.5, 0.7, and 1.0 have close 
to the observed correlation lengths but the slope at small r is too steep at all crs. The no 
break-up case at us = 1 is almost acceptable, but the significant turnover on small scales 
does not match the observed slope. 

White et al. 
6 
1987) found a factor of N 3 too many halos necessary to enhance < at 

0s = 0.4 (althoug they used a 50 Mpc box). We find that the correlation length falls 
short of the observed value at es = 0.5 for M/L = 250 and that breaking up the massive 
halos also produces factors N 2 - 3 too many halos compared with estimates from the 
Schechter luminosity function. 

Before drawing more conclusions, we examine two issues further. The 6rst has 
to do with mass-to-light ratios for an fl = 1 universe and the second has to do with 
the richness of observed groups (5 3). For fl = 1, with h = l/2, the mass density is 
6.9 x 10” M. Mpc-s. If we divide this by the blue luminosity density in the universe 
9.46 x 1OrL~ Mpc-s (using a. = 1.95 x 10-s Mpc-s for h = l/2) the implied value 
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of M/L for n = 1 is - 750. We would be inconsistent with the observed universe 
using M/L < 750 in our R = 1 models if the massive halos were characteristic of the 
universe as a whole. We computed the fraction of the total mass in our (100 Mpc)s 
volume contained in massive halos (l&c 2 35Okms-‘). We found the percentage of 
mass contained in these objects to be 19.2% at es = 0.5, 29.9% at 4s = 0.7, and 39.9% 
at es = 1.0. These numbers are large when one recalls that only a few percent of galaxies 
are in rich groups; see BahcaU (1979) for a review. 

3. GROUPS OF GALAXIES 

We search for groups and we compare with Ramella, Geiler, & Huchra (1989; hero 
after RGH) who studied groups of gfies from the B(0) I 15.5 CfA-2 redshift survey. 
For our discussion we converted all relevant quantities to Zwicky magnitudes. We reph- 
cated our (100 Mpc)s volume using periodic boundary conditions into a (250 
volume. We then selected a wedge corresponding to the CfA-2 sky coverage: 

Mpc s 
rig h t 

ascension range Sh < (L 5 17h; declination range 26.5” 5 6 < 38.5”. We assumed 
HO = 50 kms-’ Mpc-’ and we imposed a distance cut of R 5 240 Mpc in our analysis. 
We. used actual positions rather than redshifts and we imposed an apparent magnitude 
limit of B(0) 5 15.5. We assumed a Tully-Fisher relationship, see Pierce & Tuhy (1988), 
relating circular velocity to magnitudes. 

We used DENMAX (our local density maxima finder, see Bertschinger & Gelb 1991) 
to identify all halos with Vci,= 2 V. 7 = 50 km s-i; then we used friends-of-friends (FOF) 
to identify groups in our wedge zter breakin g up the massive halos using the mass-to- 
light method. We determined a FOF linking length, 1 in Mpc, corresponding to a given 
overdensity of halos bp/p given by Za = 2/(n6p/p) (see, for example, Frenk et al. 1988) 
where n is the number density of halos with circular velocity exceeding Vay from our 
original (100 Mpc)s volume. We used FOF to identify groups of halos after breaking up 
the massive halos, but prior to imposing an apparent magnitude limit. Typical values of 
1, for bp/p = 80, ranged from 0.8 Mpc to 1 Mpc for the various assumed values of M/L 
and es. 

We only identified groups with three or more members to be consistent with RGH. 
RGH chose a linking distance using a galaxy number density estimated from the observed 
Schechter luminosity function. However, they varied their linking length with redshift to 
account for the sparse sampling of galaxies at large redshift. We avoided this difficulty 
by applying FOF with a fixed linking length prior to applying an apparent magnitude 
limit. We then applied the apparent magnitude limit to the resulting group catalog in a 
manner described below. 

For field halos, i.e. those that are not in groups with 3 or more members, we 
simply computed ikf~(c) using the Ttdly-Fisher relationship, and we removed those with 
B(0) > 15.5. For the halos in groups we applied the following procedure. If the group 
member was not created from the break-up of a massive halo, then we eliminated it if 
B(0) > 15.5. For group members that were created from the break-up of a massive halo, 
we removed all of them and replaced them by the number of halos determined using the 
mass-to-light method with a universal M/L. The lower luminosity limit was computed 
from 15.5 - MB(s) = 5log,, d + 25.0, where d is the distance to group centroid in Mpc. 
Here we do not need to relate circular velocity to luminositv: however. to be consistent 
with our use of V-y we never allowed 1: to fall below Len determined from Vcy 
the Tully-Fisher rdaiionship. 

using 

We summarize four parameters involved in the identification of groups. 1) We use 
6p/p = 80, the middle value considered by RGH, since we see the same levels of variation 
with 6p/p as reported by RGH and our conclusions do not depend critically on its choice. 
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2) We use Vcire MpI = 5Okms-‘. Our results do not depend sensitively on Vcr because 
the low mass halos quickly fall out of si 
a list of 36 

ht. 3) We use M/L=125, 250, and 500. From 

values of M 7 
oups, RGH find a median I4 IL of 178h = 89 for h = l/2. We chose lar e 

L because, as we will see, even M/L=125 produces groups that me too n 3. 
4) There is some arbitrariness to the value of L&c above which we break up the massive 
halos. We use V& = 350 km 8-l. If we raise this value we get too many isolated massive 
halos (see Gelb 1992) which are too big to represent individual galaxies. On the other 
hand, if we lower this value we get even richer groups. However, the numbers of halos 
added become very small for smaller mass halos and higher mass-to-light ratios. 

Table 1: Group Statistics in 12” Slice 

Data 0s N VP N 8rP N WP N d N .sJ Nlj2 
2 3 mem. 2 10 mem. 2 20 mem. in field in groups 

cm-2 

No Break-Up 
M/L = 125 
M/C = 250 
M/L = 500 

No Break-Up 
M/L = 125 
M/L = 250 
M/L = 500 

No Break-Up 
M/L = 125 
M/L = 250 
M/L = 500 

I 
- 

Y.A. 

- 

0.5 
0.5 
0.5 
0.5 

- 

0.7 
0.7 
0.7 
0.7 

- 

1.0 
1.0 
1.0 
1.0 

- 

128 7 2 900 778 6 
- 

30 0 0 1910 106 <3 
136 36 17 1822 1366 19 
79 19 5 1579 633 11 
56 6 2 1555 322 6 

- 

25 0 0 1901 83 <3 
197 37 16 1589 1933 19 
106 17 8 1523 843 14 
58 8 3 1470 370 9 

- 

58 0 0 1660 197 <3 
237 55 25 1452 2843 22 
138 27 11 1341 1307 16 
83 11 5 1300 610 13 

- 

- 

The results from our simulation are shown in Table 1. We report numbers from 
RGH for the full 12” slice, but we impose a redshift cut of 12000 km s-l. They only 
study 
the f ur 

oups with centroids 5 12000 kms -l. We report numbers from the simulation for 
12” slice for R <_ 240 Mpc. The table shows the number of groups, Nar,,, identified 

with 3 or more members, with 10 or more members, and with 20 or more members. We 
also show the number of halos, Nsd, in the field, i.e. those that are not in groups with 3 
or more members. We estimated the CfA-2 field galaxies within 12000 kms-’ a~ follows. 
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The CfA-2 catalog has 1766 galaxies and we estimated from figure 1 in RGH that = 100 
galaxies are beyond 12000 kms-‘. RGH find 778 galaxies in groups with three or more 
members and only a hand full of these galties are beyond 12000 kms-‘. Therefore, 
the number of field galaxies within 12000 kms-’ in the CfA-2 catalog is approximately 
1766 - 778 - 100 - 900 galaxies. The last entry in the table, Nr,r, is a richness statistic 
defined below. 

We can draw several important conclusions from the numbers in the table. If we 
do not break up the massive halos, then we do not have enough groups and there are 
no groups with 10 or more members. Therefore we need to break up our massive halos 
if our simulated universe is to contain groups comparable to the observed numbers! In 
all cases we have too many field halos. We demonstrated earlier that these are not 
dominated by faint halos. However, in Gelb (1992) we found that we had the correct 
number of halos with circular velocities between 150 km s-l and 350 km 8-l. The reason 
for this discrepancy is that we have applied only the Tully-Fisher relationship to the halos 
here rather than a combination of the Tully-Fisher relationship and the Faber-Jackson 
relationship as we did in Gelb (1992). Applying the Tully-Fisher relationship to elliptical 
galaxies, which tend to be the most massive halos, makes the halos appear brighter than 
they really are. On the other hand, most of our group members result from the break-up 
of massive halos where we do not need to assume a relationship between circular velocity 
and luminosity. Therefore, we should give more emphasis to the richness of our groups 
than to the apparent excess of field halos. 

We can constrain M/L ,Z 250 based on the number of groups with 3 or more members 
and the total number of halos in all groups with 3 or more members. In most cases, 
however, we still have too many rich groups with 10 or more members. On the other 
hand, M/L: = 500 appears to do well. The numbers in Table 1 are consistent with the 
observations at es = 0.5, particularly when we consider the fact that the observed number 
of groups with three or four members are are contaminated by projection effects which 
can reduce the observed numbers in groups by factors 2 30% see RGH). This lowers 
the observed numbers in groups and, by definition, raises the II o served numbers in the 
field! 

To further quantify the richness of our groups, we compare the cumulative number 
of halos in groups with the estimates from RGH for the CfA-2 survey. The cumulative 
number of galties in groups is defined by RGH as: 

N,.dI Na.,) = c N N,(N) , 
N=S 

where N,.t(< N,.,) is the total number of galaxies contained in all groups with three to 
N,., members and N,(N) is the number of groups containing N members. The results 
are shown in Figure 3 which was computed for a 6” slice and 6plp = 80 divided the 
numbers from our 12” slice by two) to compare with RGH (their figure 
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Figure 3: Cumulative halo number in groups for various M/L. 

We dearly see the dramatic shortcoming of the no break-up cases at ah epochs. We 
also find that our groups are too rich compared with RGH; the rise in the cumulative 
halo number is slower than the results for the CfA-2 survey indicating that our group 
members are concentrated in reiativeiy iarger groups. A useful statistic is N1/r shown 
in Table 1. This is the value of N,., where the cumulative number of halos in groups 
reaches l/2 its maximum value. The value of N,/r indicates that we need M/C 2 250. 
We can rule out MfL = 125. 

We condude from our studies comparing groups with the CfA-2 survey that we have 
too many halos in the field. These are dominated by bright halos that have not been 
broken up. However, this is partiy because we have applied the Tully-Fisher relationship 
to ah of our halos rather than a combination of the Tully-Fisher relationship and the 
Faber-Jackson relationship. Also, the CfA-2 estimates of groups suffer from projection 
effects; some of the “group” galaxies are actually field galaries. We also find too many 
halos in the groups unless M/L 2 250 = 500h which is much higher than observed values 
of M/C. In most cases our groups are too rich with far too many groups containing 10 
or more members. We are forced to break up the massive halos; otherwise our catalogs 
produce far too few groups compared with the observed universe. The case M/L: = 500 
at (rs = 0.5 gives good agreement, however, with the observed properties of groups. The 
question is whether or not nature can hide this much mass; this wiil be an important 
consideration when we study velocities next. 
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4. PAIRWISE VELOCITY DISPERSIONS 

We now consider constraints on q from our simulation based on pairwise velocity 
dispersions (~11) of the resolved halos, see Figure 4. The open symbols in Figure 4 are the 
observed estimate horn the Davis & Peebles (1983, heresfter DP) analysis of the CfA 
B(0) 5 14.5 redshift survey. The diRerent symbols are for difkent modehng parameters. 
The details are not important for our purposes; the scatter is small compared with the ws 
dependence of ~11. The results at r - 10 Mpc are the least accurate because of distortions 
from peculiar motions. 

-1 -5 0 5 1 1.5 

log10 I- [MPCI 
velocity dis ersions for halos with V& > 15Okms-‘. No break-u 

dashed lines); mass sohd lines); and M/L: = 500 with p = 0.5 P (long-dashe fl 
0.8 (short-dashed lines), and p = 1 (dot-long-dashed lines). 

Based on the no break-up cases in Figure 4 observational data constrains os ,S 0.7. 
The case 0s = 0.5 is an excellent match to the observed data. The case es = 1.0 is ruled 
out; the pairwise velocity dispersions are too high by factors - 2 for r 2 1 
that this is true even though there is a velocity bias of about a factor of two! 

Mpc. Note 

Couchman & Carlberg (1992; hereafter CC), m a slightly lower resolution simulation, 
8nd a pairwise velocity dispersion for their halos and their mass in reasonable a cement 
with our results for os = 1; however, they only report results at + - 1 Mpc. C ‘F do not 
report pairwise velocity dis 
observations to be large. c? 

ersions on larger scales where we find the disparity with the 
C also find that their halos are significantly antibmsed with 

respect to the mass (i.e. fall below the mass) on small scales. 
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We also study pairwise velocity dispersions after breaking up the massive halos. 
The results are shown in Figure 4 assuming M/L = 500. We randomly sampled the 
positions of the massive halos to assign positions to the added halos. Next we describe 
how velocities are assigned to the added halos. 

We use the l-dimensional velocity dispersion of each massive halo as the r.m.~. for 
random numbers see Gelb 1992); this quantity is labeled oi(MH) where MH is used to 
denote the origins masswe halo. We label the i-th (for i = z 
center-of-momentum velocity of the massive halo as u;(MH). 
gaussian random numbers, vi, with mean zero and a l-dimensional standard deviation 
ai for each group member. We define the velocity of the added group member as 

vi(group member] = ui(MH) + p”‘ri , 

for some constant p 5 1 discussed next. 
The quantity /3 is the ratio of “gal- temperature” to gas temperature (see Sara& 

1988). The “galaxy temperature” is a measure of the kinetic ener 
the gas temperature, which is assumed to be in hydrostatic eqmh num wit the group 

.r.of the. l&es and 

dark matter, is directly related to the velocity dispersion of the group. Observational 
estimates yield fi N 0.8 (Evrard 1990). 

Figure 4 shows results with p = 1, 0.8, and 0.5. These results indicate that the 
pairwise velocity dispersions are too high 8t 0) = 0.5, 0.7, and 1.0 if we break up the 
massive halos. CC did not report the high pairwise velocity dispersions associated with 
groups. The 6nd that merging decresaes the numbers of halos in high dispersion regions, 
and they r erence Bertschmger & Gelb (1991) h et w ere we first discussed why this e&t 
can signi&antly reduce pairwise velocity dispersions. CC used FOF to identify halos 
with a rescription for preserving merged systems as distinct halos, but they comment 
that o y .-. np 20% of their “galaxy precursors” survive sa distinct “gal&es”. This mi t 
explain why CC still find antibiasing and lower velocity dispersions. If we demand t e at 
the massive halos represent groups and if we use reasonable mass-to-light ratios, then we 
are forced to add back many halos. On the other hand, if we i ore the large masses 
associated with these systems, then we must find a mechanism w f? ereby nature can hide 
a lot of mass. 

We conclude that even small p cannot save os 2 0.7. The case ua = 0.5 still has 
pairwise velocity dispersions that are high compared with the observations for M/L = 250 
and the model requires 6 .$, 0.5 which is on the low side of observational estimates (see 
Sararin 1988, table 2). The same conclusion holds for h4 L = 500 at CQ = 0.5 except 
that the 6 = l/2 case is a reasonable match to the observe d pairwise velocity dispersions. 

On the other hand, we have found that M/L = 500 at 0s = 0.5 might solve some of 
the problems with the models. The numbers of halos and group properties are in ood 
a cement with the observations. However, the correlation length (rs u 
i? 

6 Mpc) falls siort 
o the observed value vs = 10 Mpc. We have found in this section that the velocities 
for M/L 2 25U at as = 0.5 are marginally consistent with the observed pairwise velocity 
dispersions and in good agreement with the observed pairwise velocity dispersions for 
p LO.5 and M/L = 500. If CDM is to survive on small scales, nature must conspire to 
hide a lot of dark matter. Whether or not it can do so is a controversial subject (Pnbles 
1986). 

There is a difficulty in determining the bound mass of halos used in our mass-to-light 
method. Observationally, mass is inferred dynamically from galaxies. Galax tracers do 
not probe the mass in the outskirts of 

f 
oups. We are investigating the ound mass i 

of massive halos as a function of local ensity; imposing a density cut may lower our 
mass-to-light estimates. In any case, it appears to os 2 0.7 is ruled out in agreement 
with Davis et al. (1985). 
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5. CONCLUSIONS 

Considerable attention has been paid to massive halos (“godzillas”) which might 
represent groups. Breaking up these massive halos into groups removes the turnover of 
the two-point correlation function on small scales and it increases the correlation length 
on larger scales. Unfortunately, the groups do more harm than good unless we assume 
very high mass-to-light ratios. They significantly increase the number of halos, they 
give the wrong shape of the two-point correlation function, they significantly increase 
the pairwise velocity dispersions, and they make groups that are too rich for reasonable 
mass-tolight ratios. 

In agreement with White et al. (1987) we find that we need to restore halos in 
massive systems to get the required two-point correlation length for 0s - 0.5. However, 
the fact that the model then has a factor - 3 too many halos and produces the wrong 
shape of the two-point correlation function is a serious shortcoming of the model. In 
agreement with Couchman & Carlberg (1992) we find a velocity bias of a factor - 2 
for es = 1. However, restoring the merged halos in massive systems which have high 
velocity dispersions significantly increases the pairwise velocity dispersions. We can rule 
out us ,? 0.7; even ws = 0.5 requires p 5 0.5 which is small compared with observed 
estimates. 
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